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determine	 whether	 the	 CV	 converged	 to	 its	 limit	 cycle,	 and	 when	 it	 converged.	
















prevented	 their	 widespread	 use.	 However,	 in	 the	 decades	 of	 the	 60s	 and	 the	 70s,	
significant	advances	were	made	in	the	theory	and	the	instrumentation	of	voltammetric	
methods,	 such	 as	 the	 development	 of	 low-cost	 operational	 amplifiers	 that	 enabled	
affordable	 potentiostats	 [2].	 These	 advances	 boosted	 the	 practical	 applicability	 of	
voltammetric	methods,	leading	to	the	actual	situation	where	voltammetric	methods	are	
widely	used	in	a	large	variety	of	fields,	such	as	electrodeposition	[3],	batteries	[4-7],	fuel	
cells	 [8,	 9],	 supercapacitors	 [10,	 11],	 electrochemical	 advanced	 oxidation	 [12-14],	

















reached,	 the	 applied	 potential	 is	 ramped	 in	 the	 opposite	 direction	 until	 the	 initial	
potential	is	reached.	These	cycles	of	potential	ramps	may	be	repeated	as	many	times	as	

















hand,	in	a	stationary	state,	the	system	variables	may	present	temporal	variations	(i.e.	=𝑓(𝑡) ),	 but	 their	 variation	 patterns	 repeat	 themselves	 in	 time.	 According	 to	 these	
definitions,	a	steady	state	is	a	particular	case	of	stationary	state,	but	not	all	stationary	
states	are	steady	states.	Since	in	the	cyclic	voltammetry	context	both	signals	(potential	
















The	 common	practice	 for	 assessing	 the	 voltammogram	 convergence	 is	 to	 perform	 a	
multicycle	 cyclic	 voltammetry	 (i.e.	measure	 several	 cycles),	 and	 compare	visually	 the	
sequential	cycles	in	order	to	see	if	there	are	significant	changes	from	one	cycle	to	the	
following	one.	 The	main	problem	of	 visual	 comparison	 is	 its	 limited	accuracy	and	 its	
dependence	on	 the	 analyst’s	 subjectivity.	 In	 general,	 it	 is	 always	preferable	 to	use	 a	





for	 quantitatively	 assessing	 the	 convergence	 of	 experimental	 cyclic	 voltammograms.	
The	 aforementioned	 algorithm	 will	 allow	 to	 decide	 whether	 the	 system’s	
voltammogram	has	converged	or	not	to	its	limit	cycle,	for	a	given	numeric	(i.e.	objective)	










As	 stated	 in	 the	 introduction	 section,	 in	 a	 cyclic	 voltammetry	 measurement,	 the	
potential	is	ramped	linearly	while	the	current	is	measured.	The	parameters	that	define	
a	 cyclic	 voltammetry	 are	 the	 initial	 potential,	 the	 final	 potential,	 the	 lower	 vertex	
potential,	 the	 upper	 vertex	 potential,	 the	 step	 potential	 (i.e.	 number	 of	 applied	
potentials),	the	scan	rate	and	the	number	of	cycles.	Additionally,	in	some	cases,	cut-offs	
are	considered:	 for	 instance,	 for	only	measuring	the	anodic	or	the	cathodic	branches	





















The	matrix	will	have	𝑁	rows,	where	𝑁	is	 the	 total	number	of	applied	potentials.	 This	
matrix	contains	𝑚	𝑁)×2	submatrices,	where	𝑚	is	the	number	of	measured	cycles	and	𝑁) 	is	the	number	of	applied	potentials	during	the	𝑖-th	cycle.	Logically:		
	






	 𝚿 = 𝚿𝟏𝚿𝟐⋮𝚿𝒎 5×6	 (2)	
Where:	
	 𝚿) = 𝐸),/ 𝐼),/𝐸),6 𝐼),6⋮ ⋮𝐸),5: 𝐼),5: 5:×6	 (3)	
	𝚿	denotes	the	voltammogram	matrix,	while	𝚿) 	is	the	submatrix	associated	to	the	𝑖-th	
cycle.	 𝐸),; 	denotes	 the	 𝑘 -th	 applied	 potential	 of	 the	 𝑖 -th	 cycle,	 and	 𝐼),; 	is	 the	





	 𝚿) = 𝚿)↑𝚿)↓ 5:×6	 (4)	
	
Where	𝚿)↑	denotes	the	submatrix	associated	to	the	ascending	subcycle	of	the	𝑖-th	cycle,	





proposed	 nomenclature,	𝐸),;↑ 	denotes	 the	 𝑘 -th	 applied	 potential	 of	 the	 ascending	
subcycle	of	the	𝑖-th	cycle,	and	𝐼),;↑ 	is	the	corresponding	measured	current.	Analogously,	𝐸),;↓ 	and	𝐼),;↓ 	refer	to	the	descending	subcycle	of	the	𝑖-th	cycle.	In	the	general	case,	each	
















to	 a	 common	 potential	 list.	 For	 this	 reason,	 the	 first	 routine	 of	 the	 convergence	
assessment	 algorithm	 is	 the	 common	 potential	 range	 corrector	 (CPRC).	 The	
aforementioned	 routine	 takes	 as	 input	 2	 cycles	 of	 the	 experimental	 CV,	 which	
correspond	 to	 2	 submatrices,	 𝚿) 	and	 𝚿@ ,	 of	 the	 CV	 matrix;	 and	 returns	 the	
corresponding	transformed	submatrices	referred	to	a	common	list	of	applied	potentials,	𝚿);𝚿@ ),@:	






structures,	 𝚿/;𝚿EF /,EF 	and	 𝚿/;𝚿GF /,GF :	 the	 transformed	 submatrix	 associated	 to	
the	first	cycle,	𝚿/,	changes	if	the	transformation	is	done	with	respect	to	the	40th	cycle	
or	with	respect	to	the	50th	cycle.	For	this	reason,		𝚿/	does	not	have	any	sense	on	its	own,	
and	 has	 to	 be	 accompanied	 by	 the	 second	 submatrix	 used	 for	 performing	 the	
transformation.	
	
The	 first	 subroutine	of	 the	CPRC	 routine	 is	 the	 common	potential	 list	 builder	 (CPLB)	
subroutine.	This	subroutine	constructs	the	common	potential	list,	which	will	be	the	first	





Considering	 the	 transformation	 𝚿);𝚿@ ),@ ,	 the	 lower	 limit	 of	 the	 overlap	 can	 be	
determined	using	the	following	expressions:	
	
	 𝐸),@↑ = 𝑚𝑎𝑥 min; 𝐸),;↑ ;min; 𝐸@,;↑ 	 (6)	







	 𝐸),@↑ = 𝑚𝑖𝑛 max; 𝐸),;↑ ;max; 𝐸@,;↑ 	 (8)	
	 𝐸),@↓ = 𝑚𝑖𝑛 max; 𝐸),;↓ ;max; 𝐸@,;↓ 	 (9)	
	





intervals	the	overlapped	potential	range,	 𝐸),@; 𝐸),@ .	 In	order	to	achieve	this,	first,	the	
potential	 step	 has	 to	 be	 determined.	 In	 this	 work,	 the	maximum	 number	 of	 points	
criterion	was	selected.	According	to	this	criterion,	the	number	of	points	is	given	by:	
	
	 𝑁),@↑ = 𝑚𝑎𝑥 𝑁)↑; 𝑁@↑ 	 (10)	
	 𝑁),@↓ = 𝑚𝑎𝑥 𝑁)↓; 𝑁@↓ 	 (11)	
	
Once	 the	 number	 of	 points	 has	 been	 determined,	 the	 potential	 step	 follows	
immediately:		
	 ∆𝐸),@↑ = 𝐸),@↑ − 𝐸),@↑𝑁),@↑ 	 (12)	
	 ∆𝐸),@↓ = 𝐸),@↓ − 𝐸),@↓𝑁),@↓ 	 (13)	
	
Knowing	 the	 potential	 overlap	 and	 the	 potential	 step,	 the	 common	 list	 of	 applied	
potentials	(i.e.	output	of	the	CPLB	subroutine)	can	be	easily	built:	
	
	 𝐸),;↑ = 𝐸@,;↑ = 𝐸),@↑ + (𝑘 − 1) ∙ ∆𝐸),@↑ 	 (14)	
	 𝐸),;↓ = 𝐸@,;↓ = 𝐸),@↓ + (𝑘 − 1) ∙ ∆𝐸),@↓ 	 (15)	
	





The	 second	 subroutine	 of	 the	 CPRC	 routine	 is	 the	 current	 linear	 interpolator	 (CLI)	
subroutine.	 This	 subroutine	 calculates	 the	 second	 column	 of	 the	 transformed	
submatrices,	the	transformed	currents.	In	order	to	achieve	this,	the	routine	interpolates	
the	 measured	 currents	 (i.e.	 second	 column	 of	 the	 original	 submatrices)	 in	 order	 to	
obtain	the	corresponding	current	value	at	each	potential	of	the	common	list	built	by	the	
CPLB	subroutine.	Different	types	of	 interpolation	methods	(linear	 interpolation,	cubic	
spline	 interpolation,	 piecewise	 cubic	Hermite	 interpolation	 and	 barycentric	 Lagrange	
interpolation)	were	considered	in	a	preliminary	study:	the	obtained	results	were	nearly	
identical	despite	the	used	interpolation	method.	This	is	due	to	the	fact	that	the	potential	
steps	 used	 in	 cyclic	 voltammetry	 are	 in	 general	 relatively	 small,	 and	 thus,	 the	
interpolation	 method	 has	 little	 effect	 on	 the	 interpolated	 values.	 Since	 all	 the	
interpolation	methods	present	similar	performances,	the	selection	was	done	based	on	
their	 computational	 cost.	 In	 order	 to	 minimize	 the	 computational	 cost	 of	 the	





	 𝐼),;	↑ = 𝐼),Z:,[↑↑ + 𝐸),;↑ − 𝐸),Z:,[↑↑ ∙ 𝐼),Z:,[↑↑ − 𝐼),\:,[↑↑𝐸),Z:,[↑↑ − 𝐸),\:,[↑↑ 	 (16)	
	 𝐼),;↓ = 𝐼),Z:,[↓↓ + 𝐸),;↓ − 𝐸),Z:,[↓↓ ∙ 𝐼),Z:,[↓↓ − 𝐼),\:,[↓↓𝐸),Z:,[↓↓ − 𝐸),\:,[↓↓ 	 (17)	
And	for	the	second	submatrix:	
	 𝐼@,;	↑ = 𝐼@,Z],[↑↑ + 𝐸@,;↑ − 𝐸@,Z],[↑↑ ∙ 𝐼@,Z],[↑↑ − 𝐼@,\],[↑↑𝐸@,Z],[↑↑ − 𝐸@,\],[↑↑ 	 (18)	












𝐸),/↑ 𝐼),/	↑𝐸),6↑ 𝐼),6	↑⋮ ⋮𝐸),5:,]↑↑ 𝐼),5:,]↑	↑𝐸),/↓ 𝐼),/↓𝐸),6↓ 𝐼),6↓⋮ ⋮𝐸),5:,]↓↓ 𝐼),5:,]↓↓
;





invariant	with	respect	to	the	CPRC	transformation:	 the	output	of	 the	CPRC	routine	 is	
exactly	its	input,	in	the	case	of	type	I	CVs.	This	is	exactly	what	is	expected,	since	in	type	














a	 data	 structure	 composed	 of	 two	 error	 vectors,	 one	 associated	 to	 the	 ascending	
subcycle	and	the	other	one	associated	to	the	descending	subcycle:	
	




The	 𝑘 -th	 entry	 of	 the	 error	 vector, 	𝜀),@,; ,	 quantifies	 the	 difference	 between	 the	





reference	were	used	in	this	work.	Furthermore,	 it	 is	 incoherent	to	build	an	algorithm	
that	 works	 with	 a	 current	 resolution	 higher	 than	 the	 current	 resolution	 of	 the	
experimental	measurement	of	the	CV.	For	this	reason,	the	algorithm	only	calculates	the	




	 𝜀),@,;	↑ = 0																																								𝑖𝑓	 𝐼),;	↑ − 𝐼@,;	↑ ≤ 𝛿𝐼),;	↑ − 𝐼@,;	↑𝐼@,;	↑ ∙ 100													𝑖𝑓	 𝐼),;	↑ − 𝐼@,;	↑ > 𝛿		 (22)	
	 𝜀),@,;	↓ = 0																																								𝑖𝑓	 𝐼),;↓ − 𝐼@,;↓ ≤ 𝛿𝐼),;↓ − 𝐼@,;↓𝐼@,;↓ ∙ 100													𝑖𝑓	 𝐼),;↓ − 𝐼@,;↓ > 𝛿		 (23)	
	
With	𝑘 ∈ 1; 2;⋯ ;𝑁),@↑/↓ .	𝛿 	denotes	 the	 current	 threshold	 that	 defines	 the	 level	 of	
significance	from	which	the	algorithm	considers	that	the	current	difference	is	relevant.	
As	a	rule	of	thumb,	authors	recommend	to	use	the	significance	level	of	the	experimental	




built	 by	 the	 VCR	 subroutine,	 combines	 the	 different	 errors	 contained	 in	 the	 error	
vectors,	and	returns	a	single	scalar	value	that	is	representative	of	the	error	vectors:	
	








indicator	 compares	each	 cycle	with	 the	 cycle	 immediately	before;	whereas,	 the	 long	
term	convergence	indicator	compares	all	the	cycles	with	the	last	cycle.	These	indicators	
can	be	calculated	using	the	routines	defined	in	previous	subsections.	
On	the	one	hand,	for	𝑖 ∈ 2; 3;⋯ ;𝑚 :	




And	on	the	other	hand,	for	𝑖 ∈ 1; 2;⋯ ;𝑚 − 1 :	










Figure	 2	 shows	 the	 required	 computational	 time	 for	 executing	 the	 developed	
convergence	 assessment	 Labview®	 program	 in	 a	 conventional	 laptop	 workstation	
(Intel®	Core®	i5-2410M	at	2.30	GHz,	4	Gb	RAM	and	64-bit	Windows®	10)	for	different	
cycle	sizes	(figure	2.a)	and	different	number	of	cycles	of	a	given	size	(figure	2.b).	The	






















voltammetry	 measurement.	 This	 is	 one	 of	 the	 main	 strengths	 of	 the	 developed	
12	
	
algorithm:	 it	allows	to	automate	the	convergence	assessment	 in	real	 time	during	the	
measurement.		
	
However,	 there	 is	 a	 maximum	 scan	 rate	 that	 can	 be	 handled	 in	 real	 time	 by	 the	
algorithm:	scan	rates	above	this	maximum	scan	rate	cannot	be	analysed	in	real	time	by	
the	 algorithm	 (i.e.	 the	 measurement	 is	 faster	 than	 the	 convergence	 assessment	
algorithm).	This	maximum	scan	rate	can	be	estimated	using	the	following	expression:	
	




new	 point.	𝜆 	depends	 on	 the	 particular	 implementation	 of	 the	 algorithm	 (i.e.	 some	
implementations	are	more	efficient	 from	a	 computational	point	of	 view)	and	on	 the	
computer	 the	 program	 is	 run	 on.	 As	 seen	 before,	 for	 the	 implementation	 of	 the	








In	 order	 to	 experimentally	 validate	 the	 algorithm	 presented	 in	 this	 work,	 two	
electrochemical	systems	were	considered:	one	for	obtaining	type	I	CVs,	and	the	other	







and	 co-workers	 [30].	 The	 particularity	 of	 these	 ceramic	 electrodes,	 from	 a	 cyclic	
voltammetry	perspective,	is	that	they	cannot	withstand	cathodic	polarization,	since	this	
type	 of	 polarization	 would	 irreversibly	 reduce	 the	 tin	 oxide,	 producing	 permanent	
electrode	damage	[31].	
	
The	 cyclic	 voltammetry	 measurements	 were	 done	 using	 a	 302N	 Autolab®	
































These	 experimental	 voltammograms	 display	 the	 typical	 peaks	 associated	 to	 a	 Pt	
electrode	 [32]:	 the	 oxygen	 evolution	 reaction	 (𝐻6𝑂 → 𝑂6 ),	 the	 hydrogen	 evolution	





by	 visual	 comparison.	 This	 observation	 demonstrates	 the	 need	 of	 assessing	 the	
convergence	of	a	CV	before	accepting	and	analysing	further	the	experimental	results	of	






Figure	5	presents	 the	obtained	 results	when	 the	developed	convergence	assessment	
algorithm	was	applied	to	the	experimental	data	shown	in	figure	4.	These	results	consist	
of	 the	 representation	 of	 the	 two	 considered	 convergence	 indicators	 (cycle-to-cycle	
convergence	indicator	and	long	term	convergence	indicator)	versus	the	cycle	number.	
As	 recommended	 in	 section	 2.3,	 the	 selection	 of	 the	 threshold	 for	 the	 convergence	




present	 a	 global	 decreasing	 trend	 with	 the	 cycle	 number.	 On	 the	 one	 hand,	 the	
decreasing	 trend	 of	 the	 cycle-to-cycle	 convergence	 indicator	 indicates	 that	 the	
“difference”	between	one	cycle	and	the	previous	one,	decreases	as	cycles	follow	each	
other.	This	is	a	necessary,	but	no	sufficient,	condition	for	CV	convergence.	On	the	other	
hand,	the	 long	term	convergence	 indicator	 initially	presents	a	clear	decreasing	trend,	
and	then,	it	stabilizes	around	a	very	low	value.	On	the	one	hand,	the	initial	decreasing	
trend	indicates	that	the	“difference”	between	each	of	the	first	cycles	and	the	last	one,	
decreases	as	cycles	 follow	each	other.	On	the	other	hand,	 the	quasi-stationary	 trend	
indicates	 that	 the	“difference”	between	 the	corresponding	cycles	and	 the	 last	one	 is	
approximately	constant	for	all	these	cycles,	and	this	difference	is	very	low.	Therefore,	




















the	 list	 of	 applied	 potentials	 during	 the	 first	 cycle	 ranges	 from	1	𝑉	𝑣𝑠	𝐴𝑔/𝐴𝑔𝐶𝑙 	to	
15	
	
4	𝑉	𝑣𝑠	𝐴𝑔/𝐴𝑔𝐶𝑙;	whereas,	 the	 list	 of	 applied	 potentials	 during	 the	 last	 cycle	 ranges	
from	1.7	𝑉	𝑣𝑠	𝐴𝑔/𝐴𝑔𝐶𝑙	to	4	𝑉	𝑣𝑠	𝐴𝑔/𝐴𝑔𝐶𝑙.	This	is	a	clear	example	of	type	II	CV.			
	
These	 experimental	 voltammograms	 only	 present	 anodic	 domains,	 and	 not	 cathodic	






cycles.	 For	 instance,	 as	 shown	 in	 figure	 6.c,	 cycles	 99	 and	 100	 are	 visually	










that	 the	 “difference”	 between	 one	 cycle	 and	 the	 previous	 one,	 decreases	 as	 cycles	
follow	each	other.	On	the	other	hand,	as	it	can	be	observed	in	figure	7.b,	the	long	term	
convergence	 indicator	presents	 the	 same	 trend	 that	 it	presented	 in	 the	Pt	electrode	
case,	though	in	the	ceramic	electrode	case	the	trend	is	much	more	marked:	initially,	Φ	










for	 CV	 convergence.	 Furthermore,	 this	 justifies	 the	 need	 to	 consider	 a	 long	 term	
convergence	indicator	in	the	algorithm,	and	not	only	a	cycle-to-cycle	indicator.	The	final	
conclusion	 that	 can	 be	 extracted	 from	 figure	 7,	 is	 that	 the	 ceramic	 electrode	 CVs	
converge	at	cycle	50:	all	the	cycles	from	cycle	50	to	cycle	100	can	be	considered	as	the	

















In	 conclusion,	 in	 this	 work	 an	 algorithm	 has	 been	 developed	 in	 order	 to	 assess	 the	
convergence	of	experimental	cyclic	voltammetry	measurements	to	their	limit	cycle.	The	
algorithm	is	based	in	two	convergence	indicators:	a	cycle-to-cycle	convergence	indicator	







Determining	 if	 the	 CV	 has	 converged	 is	 important	 in	 order	 to	 avoid	 errors	 due	 to	




At	 this	 point,	 someone	 could	 argue	 that	 there	 is	 no	 need	 to	 use	 an	 algorithm	 for	
assessing	the	convergence	of	a	CV,	since	it	can	be	done	using	the	traditional	way	(i.e.	by	
visual	inspection).	The	first	advantage	of	using	the	developed	algorithm	with	respect	to	

































	𝐸		 	 Electrode	potential	 𝑉 	𝐸),;		 	 𝑘-th	applied	potential	of	the	𝑖-th	cycle	 𝑉 	𝐸),;	 	 𝑘-th	transformed	potential	of	the	𝑖-th	cycle	 𝑉 	𝐸		 	 Lower	limit	of	the	overlap	of	the	applied	potential	lists	 𝑉 	𝐸		 	 Higher	limit	of	the	overlap	of	the	applied	potential	lists	 𝑉 	𝐼		 	 Current	 𝐴 	𝐼),;		 	 𝑘-th	measured	current	of	the	𝑖-th	cycle	 𝐴 	𝐼),;		 	 𝑘-th	transformed	current	of	the	𝑖-th	cycle	 𝐴 	𝑁		 	 Total	number	of	applied	potentials	(all	cycles)	𝑁) 		 	 Total	number	of	applied	potentials	during	the	𝑖-th	cycle	𝑚		 	 Number	of	cycles	
	
Greek	symbols	
	𝛼;		 	 Largest	index	for	which	𝐸Z[ 	is	lower	than	𝐸;	𝛽;		 	 Lowest	index	for	which	𝐸\[ 	is	higher	than	𝐸;	∆𝐸	 	 Potential	step	 𝑉 		𝛿	 	 Current	threshold	 𝐴 	𝜀),@ 		 	Error	vector	associated	with	the	comparison	of	the	𝑖-th	cycle	and	the	𝑗-th	
cycle	θ	 	Cycle-to-cycle	convergence	indicator	Φ	 Long	term	convergence	indicator	𝚿		 	 Voltammogram	matrix	𝚿) 		 	 Submatrix	of	the	voltammogram	matrix	associated	to	the	𝑖-th	cycle	𝚿);𝚿@ ),@ 	 Data	structure	containing	the	CPRC-transformed	submatrices	
	
Superscripts	
	↑	 	 Related	to	the	ascending	subcycle	↓	 	 Related	to	the	descending	subcycle	
	
Acronyms	
	𝐶𝐿𝐼	 	 “Current	linear	interpolator”	subroutine	𝐶𝑃𝐿𝐵			 “Common	potential	list	builder”	subroutine	𝐶𝑃𝑅𝐶			 “Common	potential	range	corrector”	routine	
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∀𝑖 ∈ 2; 3;⋯ ;𝑚
CPRC Comparator
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